Abstract-In many species social behaviors are dependent on integration of chemosensory and hormonal cues. Many chemosensory stimuli are detected by the vomeronasal organ, which projects to many regions that contain steroid receptors, including the medial amygdala. In male hamsters, testosterone is known to acutely increase in response to chemosensory stimulation, and can facilitate sexual behavior by direct action within the medial amygdala. Mating and other social behaviors are dependent in most mammals on both hormones and chemosensory input. In rodents, chemosensory signals are generally detected by the vomeronasal organ, which projects to the accessory olfactory bulb (AOB). The AOB projects to the medial part of the amygdala and few other areas, which send efferent connections to basal forebrain areas important for reproductive, defensive and other critical behaviors (Meredith, 1998; Canteras, 2002; Maras and Petrulis, 2010b) . Regions along the accessory olfactory pathway, especially the medial amygdala, are rich in steroid receptors (Wood and Newman, 1993b) . Lesions of these areas cause severe deficits in mating and other social behaviors (e.g., Lehman et al., 1980; Lehman and Winans, 1982; Liu et al., 1997; Kondo and Sachs, 2002) and local injections of testosterone can sustain mating in castrated animals (Wood and Coolen, 1997). Thus, these areas, especially the medial amygdala, integrate the endocrine and chemosensory signals necessary for mating and other social behaviors (e.g., Coquelin et al., 1984; McGinnis and Dreifuss, 1989; Wood and Newman, 1995; Wood and Coolen, 1997; Maras and Petrulis, 2010c) , as described in a comprehensive review by Hull et al. (2002) .
Mating and other social behaviors are dependent in most mammals on both hormones and chemosensory input. In rodents, chemosensory signals are generally detected by the vomeronasal organ, which projects to the accessory olfactory bulb (AOB). The AOB projects to the medial part of the amygdala and few other areas, which send efferent connections to basal forebrain areas important for reproductive, defensive and other critical behaviors (Meredith, 1998; Canteras, 2002; Maras and Petrulis, 2010b) . Regions along the accessory olfactory pathway, especially the medial amygdala, are rich in steroid receptors (Wood and Newman, 1993b) . Lesions of these areas cause severe deficits in mating and other social behaviors (e.g., Lehman et al., 1980; Lehman and Winans, 1982; Liu et al., 1997; Kondo and Sachs, 2002) and local injections of testosterone can sustain mating in castrated animals (Wood and Coolen, 1997) . Thus, these areas, especially the medial amygdala, integrate the endocrine and chemosensory signals necessary for mating and other social behaviors (e.g., Coquelin et al., 1984; McGinnis and Dreifuss, 1989; Wood and Newman, 1995; Wood and Coolen, 1997; Maras and Petrulis, 2010c) , as described in a comprehensive review by Hull et al. (2002) .
The medial amygdala can be divided into anterior (MeA) and posterior (MeP) subnuclei, with a greater expression of androgen receptors in MeP (Wood and Newman, 1993b; Maras and Petrulis, 2010c) . In male hamsters and mice both MeA and MeP are activated after exposure to chemical signals from the same species (conspecific; Fiber et al., 1993; Fernandez-Fewell and Meredith, 1994; Meredith et al., 2008; Maras and Petrulis, 2010b,c) . Conversely, when exposed to most chemosensory stimuli from another species (heterospecific) only MeA is activated and MeP appears to be suppressed (Meredith and Westberry, 2004; Samuelsen and Meredith, 2009a,b) . MeA and MeP can be further subdivided into dorsal and ventral parts, which may be activated differently by chemosensory stimuli with different social implications (Choi et al., 2005; Meredith et al., 2008; Samuelsen and Meredith, 2009a,b) . For example, conspecific reproductively-related stimuli (female mouse urine for mice; hamster vaginal fluid, HVF, for hamsters) frequently activate cells strongly in the dorsal portion of MeP (MePd; although not exclusively: Baum and Everitt, 1992; Fernandez-Fewell and Meredith, 1994; Meredith and Westberry, 2004; Choi et al., 2005; Samuelsen and Meredith, 2009a,b) . On the other hand, conspecific chemosignals from another male, (male flank gland secretion; mFGS for hamsters; male mouse urine, MMU for mice), activate cells located predominantly in ventral portion (MePv) (Meredith et al., 2008; Samuelsen and Meredith, 2009a,b) . MePv in mice and rats is also activated by chemosignals from cats, a potential predator (Dielenberg et al., 2001; Choi et al., 2005; Samuelsen and Meredith, 2009a,b) .
Medial amygdala subdivisions differentially project to areas of the hypothalamus known to be involved in reproductive (MePd) or defensive (MeAv, MePv) behavior (Canteras, 2002; Choi et al., 2005) . Thus, MePd is implicated in processing of reproductive chemosignals, while MePv (and MeAv) may be involved in processing of competitor and/or defensive chemosensory stimuli.
Here we planned to investigate the participation of AR-expressing cells in these functionally correlated patterns of response. A number of studies have demonstrated that neurons in MePd that are activated during mating also contain androgen receptors (Wood and Newman, 1993b; Gréco et al., 1996 Gréco et al., , 1998a . Additionally, cells containing androgen receptors are activated in the dorsal medial amygdala in male rats exposed to a female, but not allowed to contact her (Gréco et al., 1998c) . Testosterone (T) facilitates sexual behavior by direct action within the medial amygdala in hamsters (Wood and Coolen, 1997; Wood and Williams, 2001) , and also increases nuclear binding of androgen receptors (ARs) in regions along the vomeronasal sensory pathway in rats (McGinnis and Dreifuss, 1989 ). An androgenic metabolite of testosterone, dihydrotestosterone (DHT), can also activate sexual behavior and increase AR density in regions like the medial amygdala in male hamsters (Romeo et al., 2001) .
Steroid hormones and chemosensory input are also required for agonistic behavior in many species (KollackWalker and Newman, 1995; Choi et al., 2005; Gobrogge et al., 2007; Meredith et al., 2008; Cheng et al., 2008) . So, Fos activation of steroid-receptor bearing cells in response to chemosignals that elicit agonistic behavior, perhaps in ventral medial amygdala, should be expected.
Fos expression is widely accepted as a measure of neuronal activation and has been widely used to study regions of the brain involved in chemosensory processing and social behavior (i.e., Brennan et al., 1992; Fiber et al., 1993; Fernandez-Fewell and Meredith, 1994; Swann, 1997; Meredith, 1998; Dudley and Moss, 1999; Westberry and Meredith, 2003; Blake and Meredith, 2010; Maras and Petrulis, 2010b,c) . Despite the evidence that testosterone in the medial amygdala is critical to mating behavior, no study to date has examined activation of AR-expressing cells after chemosensory stimulation alone with and without control of testosterone level. Therefore, the current experiments were designed to examine Fos protein expression in AR-containing cells in the medial amygdala in response to different chemosensory stimuli. Male hamsters were exposed to three conspecific stimuli (HVF, mFGS, and fFGS (female flank gland secretion) and one heterospecific stimulus (MMU). Medial amygdala responses were measured by the expression of the immediate-early gene-protein, Fos, while also labeling for androgen receptors. In intact males, testosterone can acutely rise in response to chemosensory stimulation (e.g., by HVF; Pfeiffer and Johnston, 1994) and testosterone can influence the number of AR-ir cells (Wood and Newman, 1995) . Therefore, additional groups of castrated males with testosterone-implants (i.e., fixed testosterone levels) were also tested with the same chemical stimuli to determine whether restricting changes in testosterone would affect activation of AR-ir cell in the medial amygdala. The stimuli tested have different social implications and may be specifically processed by different subnuclei of the medial amygdala (see above). Thus, we expect differential activation of amygdala subregions. Activated AR-ir cells will indicate a potential local integration of chemosensory and steroid influence on amygdala function. In general we would expect stimuli associated with androgen-dependent behaviors to increase activation of AR cells in brain regions already associated with steroid-dependent behaviors. Additionally, differences in activation of AR-ir cells between intact and fixed-T castrated/implanted animals would suggest a potential effect of changes in T levels on chemosensory processing in the brain.
EXPERIMENTAL PROCEDURES Animals
Adult (2-3 month) male golden hamsters (Mesocricetus auratus), from Charles River Laboratories used in these experiments were maintained on a long photoperiod (a partially reversed-14L/10D light cycle) with lights out at 9:30 AM. Temperature was maintained at approx 22°C and 60% relative humidity. Experiments were begun approximately 2 h into the dark phase of the light/dark cycle. The animals were initially group-housed in clear plastic cages (44 cmϫ21 cmϫ18 cm) containing corn-cob bedding with food and water ad libitum. All were single-housed in similar cages at least 1 week prior to and throughout the experiment. Animals were either gonad-intact or castrated with testosterone-capsule replacement. All experimental procedures were approved by the Florida State University Institutional Animal Care and Use Committee.
Castration and testosterone implantation
Forty animals remained gonad-intact and 44 animals were castrated. Hamsters to be castrated were anesthetized with Nembutal (sodium pentobarbital, Ovation Pharmaceuticals, Deerfield, IL, USA). A small incision was made in between the rectum and tail, and the testes were individually pulled through the incision. The main blood supply was then clamped and tied off, and the testicle was removed. After both testicles were removed, the incision was closed with 2-3 sutures. A silastic capsule (i.d. 1.98 mm.; o.d. 3.18 mm.; Dow Corning, Midland, MI, USA) packed with 10 mm testosterone (Sigma, Sigma-Aldrich, St. Louis, MO, USA), sufficient to maintain normal testosterone levels for at least one week (Wood and Newman, 1993a) , was next implanted s.c. between the neck and back of the hamster (previously described by Wood and Newman, 1993a; Grattan and Selmanoff, 1994) . The animal was returned to its home cage and allowed 3 days for recovery. A radioimmunoassay (RIA) was conducted to ensure that these animals had normal baseline testosterone levels at the time of chemosensory stimulation (see Radioimmunoassy section below).
Chemosensory stimuli
Hamsters were exposed to stimuli on clean "cotton" swabs (tips of Polyester-tipped Applicators; Puritan Medical Products, Guilford, ME, USA) from one of three types: conspecific, heterospecific, or clean swab controls. None of the animals had encountered the other species or any of the conspecific individuals that were stimulus sources. HVF was collected from three or more female hamsters in behavioral estrus using a smooth spatula. Samples were pooled and diluted 1:10 with distilled water, and then centrifuged to remove solids. MMU collected from three or more male mice in a metabolism cage and diluted 1:10 with distilled water. For HVF and MMU, 200 l of diluted solution was pipetted on to a clean cotton swab immediately before exposure. mFGS and fFGS were collected by rubbing a clean swab on the flank of a donor hamster at least 10 times up and down. Each m-or f-FGS swab had FGS from three different donors. Stimuli were stored at Ϫ20°C before use.
Test procedure and stimulus presentation
All hamsters were single housed at least 3 days prior to testing to minimize exposure to other male odorants. On the day of the test, hamsters were placed in a clean cage with clean corn cob bedding and allowed 1 min to acclimate to the surroundings. Swab-tips, scented with stimuli as described above, or clean (control) swab-tips were presented in the middle of the cage and replaced every 3 min, five swabs per trial, for a total of 15 min. Investigation of stimulus swabs was recorded and was not significantly different between stimuli or between gonad-intact animals and castrates with testosterone-replacement. Animals were then placed back into their home cage for 30 min to allow production of FOS protein before they were perfused for immunocytochemistry. Peak Fos expression occurs at 45-60 min after the beginning of stimulation in five brain areas, including medial amygdala, in a previous time-course study (Westberry and Meredith, unpublished) .
Immunocytochemistry
Animals were deeply anesthetized with Nembutal and transcardially perfused with 0.1 M phosphate buffer (PB; pH 7.4) followed by 4% paraformaldehyde. Brains were removed and post-fixed overnight, cryoprotected in 30% sucrose, then sectioned serially on a freezing microtome at 25-m thickness. Free-floating coronal sections were then processed for AR and Fos protein expression immunocytochemistry. Sections were washed twice for 10 min each in 0.1 M PB and then incubated in primary solution containing 4% normal donkey serum, 0.4% Triton-X 100, polyclonal rabbit anti-AR (1:200; PG-21, Millipore, Billerica, MA, USA) and goat anti c-fos primary antiserum (1: 1,000; sc-52G, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), for 48 h on a table shaker at 4°C. Sections were then washed twice for 10 min each in 0.1 M PB and incubated in Alexa 546-labeled fluorescent donkey anti-rabbit IgG and Alexa 488-labeled donkey anti-goat IgG secondary antisera (1:500; Invitrogen, Inc., Carlsbad, CA, USA) for 2 h at room temperature. Tissue was then washed twice for 10 min each in 0.1 M PB, mounted and coverslipped with Vectashield (Vector laboratories, Burlingame, CA, USA).
AR-and Fos-positive nuclei were imaged on a Leica DMLB microscope (Leica Microsystems Inc, Wetzlar, Germany) at 20ϫ using a Diagnostic Instruments Inc RT-Slider SPOT camera in monochrome mode, and counted using computer image analysis software (MetaMorph version 5.0r1; Universal Imaging Corp., Downingtown, PA, USA) by an experimenter blind to the treatment condition of each animal being counted. Regions were counted in a single tissue section for each brain-area of interest, carefully selected to be at the same anatomical position in each animal. The areas of interest included central projections of the VN and main olfactory pathway such as MeA, MeP, and their dorsal and ventral subdivisions (MeAd/v, MePd/ v) . In each area AR-IR, Fos-IR, and double-labeled nuclei were counted within the border of the neuroanatomical nucleus. Both sides of each area were counted and then averaged together for analysis.
For counting double-labeled nuclei, separate red and green images of the same brain region were analyzed to determine which nuclei were clearly labeled with each fluorphore. These nuclei were marked in the image and nuclei marked in both red and green images were counted as double-labeled. Doublelabeled nuclei appear yellow in a merged image (e.g., Fig. 1 ) but some yellow will also appear in nuclei that are superimposed on differently labeled but out of focus nuclei at a different depth in the tissue. Ambiguous double-label examples were checked in the tissue section by re-examining the red and green images at different focus depths. Only nuclei with clear superimposable labeled outlines in both images at the same depth were accepted.
The anatomical positions of the sections chosen for counting were previously selected as representative areas of each nucleus in which Fos expression is increased in mating animals (Fernandez-Fewell and Meredith, 1994 ; see Blake and Mere- dith, 2010). The area of interest was identified on each side using specific local anatomical landmarks, including the shape and position of the optic tract and stria terminalis. Counts based on similar procedures using one section per brain-region of interest have been previously published by our laboratory and others (Fernandez-Fewell and Meredith, 1994; Kollack-Walker and Newman, 1997; Meredith and Westberry, 2004; Blake and Meredith, 2010) and have proved reliable from study to study. MeA counts were taken at the level of Fig. 25 and MeP counts were taken at the level of Fig. 28 in the hamster atlas by Morin and Wood (2001; see Fig. 2 ).
Radioimmunoassay of serum testosterone
Immediately following Nembutal injection, and just prior to transcardial perfusion, 400 l of blood were collected in heparinized syringes by cardiac puncture from castrated, T-replaced animals. Samples were stored at 4°C until centrifuged (4000 g). Serum was collected and stored at Ϫ20°C until analysis for T concentration by radioimmunoassay. The concentration of T in serum was determined in duplicate by RIA using a 125 I RIA kit according to the method described by MP Biomedicals, Inc. (Solon, OH, USA). Serum concentrations of T are expressed as ng/ml in terms of the hamster T standard (MP Biomedicals, Inc., Solon, OH, USA). Assay sensitivity is 1 ng/ml and the intra-assay coefficient of variation was 5%. To prevent inter-assay variation, all samples were assayed in the same RIA per experiment.
Average serum testosterone level for castrated T-replaced males was 1.20 ng/ml. The normal values reported for intact adult golden hamsters vary from study to study using different methods, but are generally within the range of 1.05-3.61 ng/ml (Bartke, 1985; Meredith, 1986; Tsuchiga and Horii, 1995) , with some reports somewhat higher (e.g., Richardson et al., 2004) . The lowest values are still considered adequate for normal reproductive behavior.
Statistical analysis
Fos and AR counts were analyzed with repeated measures twoway analyses of variance (2-way RM ANOVA) comparing two factors: exposure (CS, MMU, HVF, mFGS, fFGS) and area (MeAd, MeAv, MePd, MePv) . Additional 2-way RM ANOVAs were run comparing exposure (CS, MMU, HVF, mFGS, fFGS) and area (total MeA, total MeP) for the data within the total area of MeA (sum of MeAd and MeAv) and MeP (sum of MePd and MePv). These separate analyses provide data for comparison with previous published work that did not separate MeA and MeP into sub-regions (without using counts from the sub-regions twice in the same analysis). A Fisher LSD post hoc analysis was conducted to analyze differences within each subregion and for each individual stimulus. Significance level was set at PϽ0.05 (after adjustment within the Sigma Stat program when multiple comparisons were made). Repeated measures analysis takes into account the fact that all brain-areas are sampled in the same animal and are therefore not entirely independent. The two-way analysis ensures that we accept the response to a stimulus within a given area as significant only when there is an overall significant difference across all brain areas. Similar analyses for double-labeled cell counts indicate which stimuli significantly increased Fos activation in AR-ir cells. These analyses were run for intact animals and for castrated, T-replaced animals separately. These two groups were not compared within one statistical analysis because the two animal groups were not tested simultaneously. Finally, a 2-way RM ANOVA was used to compare the proportional increase over control in the Fos expression of AR-ir (double-labeled) cells compared to the proportional increase over control in Fos expression of all (Fos-ir) cells for each amygdala subregion. A repeated measures ANOVA is required because the double-label and the single label (Fos-ir) data are for the same areas and not independent. A separate ANOVA was run for each amygdala subregion (and for MeA-total and MeP-total). The two factors are (1) Phenotype (double label, single label) and (2) Exposure (HVF, mFGS, fFGS, MMU). Data for the main effect of phenotype and post hoc-test probabilities for each stimulus are shown in Table 1 .
RESULTS

Fos expression
In gonad-intact and T-replaced castrates Fos expression was analyzed for effects of each of the chemosensory stimuli MMU, HVF, mFGS and fFGS and control (clean swab, CS) in MeAd, MeAv, MePd, and MePv. For comparison with earlier results (Meredith and Westberry, 2004) , effects of each of the chemosensory stimuli were also compared in MeA-total and MeP-total.
Gonad-intact animals. As previously seen in hamsters (Meredith and Westberry, 2004 ) and mice (Samuelsen and Meredith, 2009a,b) conspecific stimuli (here HVF, mFGS, and fFGS) produced significantly more Fos expression in MeA-total and MeP-total than control (CS), while a heterospecific stimulus, MMU, activated MeA, but not MeP. There was a significant main effect of exposure (PϽ0.001; F(4,85)ϭ6.591). The analysis on dorsal and ventral subregions also revealed a significant main effect of exposure (PϽ0.001; F(4,171)ϭ11.051). Again, MMU failed to significantly activate either subregion of MeP (see Fig. 3a ). There was no significant interaction of the effects of exposure and area in either analysis.
The effects in MeA appeared to be due mostly to responses to these stimuli in the ventral portion (MeAv; PϽ0.001 for all stimuli, Fisher LSD post hoc analysis). However, mFGS also produced significantly more Fos expression than CS in MeAd (Pϭ0.008), MePd (Pϭ0.019) and MePv (Pϭ0.026). fFGS produced significantly more Fos expression than CS in MePd (Pϭ0.005) and MePv (Pϭ0.005). HVF produced significantly more Fos expression than CS only in MePv (PϽ0.001; see Fig. 3a ).
Castrates with testosterone replacement. As in gonad-intact animals, conspecific stimuli produced significantly more Fos expression in MeA-total and MeP-total than control (CS), while the heterospecific stimulus only activated MeA, but not MeP. There was a significant main effect of exposure (PϽ.001; F(4,81)ϭ7.750). The analysis on dorsal and ventral subregions also revealed a significant main effect of exposure (PϽ0.001; F(4,163)ϭ7.450). P-values for 2-way RM ANOVA for numbers of activated AR-ir cells compared with numbers of all activated cells, with different stimuli (Fisher LSD post hoc analysis) and across medial amygdala subregions (Fisher LSD post hoc analysis). ns, not significant. Fig. 3 . Fos expression in the medial amygdala after exposure to various chemosensory stimuli in gonad-intact (a) and testosterone-replaced (b) male hamsters. Conspecific stimuli activated both anterior (MeA) and posterior (MeP) medial amygdala, while the heterospecific stimulus only activated MeA (a and b). Asteriskϭsignificantly greater than control (PϽ.03), a, b, cϭsignificantly greater than MMU, fFGS, and mFGS respectively (PϽ.001 for all). CS, clean swab; HVF, hamster vaginal fluid; fFGS, female flank gland secretion; mFGS, male flank gland secretion; MMU, male mouse urine; d, dorsal subnucleus; v, ventral subnucleus.
Again, MMU failed to significantly activate either subregion of MeP (see Fig. 3b ). There was no significant interaction of the effects of exposure and area for either analysis.
The effects in MeA and MeP appeared to be due mostly to effects of the stimuli in the ventral portion (MeAv: Pϭ0.011 for HVF and Pϭ0.022 for fFGS; MePv: PϽ0.001 for HVF, Pϭ0.029 for fFGS and Pϭ0.03 for mFGS; Fisher LSD post hoc analysis).
HVF also yielded significantly more Fos expression than any other stimulus in MeP (PϽ0.001 for all stimuli), again due to Fos activation in MePv (PϽ0.001 for all stimuli; Fisher LSD post hoc analysis; see Fig. 3b ).
Androgen receptor immunoreactivity
In gonad-intact and castrates with T-replacement, AR expression was analyzed for effects of each of the chemosensory stimuli: MMU, HVF, male mFGS, fFGS and control (CS) in MeAd, MeAv, MePd, and MePv. For comparison with earlier results (Meredith and Westberry, 2004) , effects of each of the chemosensory stimuli were also compared in MeA-total and MeP-total.
Gonad-intact animals. Animals exposed to different chemosensory stimuli had significantly different numbers of AR-immunoreactive (ir) cells in the medial amygdala. In the analysis of MeA-total and MeP-total there was a significant main effect of exposure (PϽ0.001; F(4,85)ϭ9.666). There was no significant interaction of the effects of exposure and area for either analysis.
In MeA-total, the conspecific stimuli (HVF, fFGS, mFGS) all yielded significantly more AR-ir cells than control (PϽ0.006, Fisher LSD post hoc analysis). HVF also produced more AR-ir cells than MMU (Pϭ0.036). MMU did not significantly change the number of AR-ir cells in MeA-total.
In MeP-total, HVF and fFGS again produced significantly more AR-ir cells than CS (both PϽ0.001, Fisher LSD post hoc analysis), but MMU and mFGS did not significantly change the number of AR-ir cells compared to CS. Comparing across stimuli, HVF exposure produced significantly more AR-ir cells than MMU (Pϭ0.01) and mFGS (Pϭ0.016). fFGS produced significantly more AR-ir cells than MMU(Pϭ0.031) and mFGS (Pϭ0.047; Fisher LSD post hoc analysis, see Fig. 4a ).
When analyzing the dorsal and ventral subregions of MeA and MeP there was also a significant effect of exposure (PϽ0.001; F(4,171)ϭ12.745) and a significant interaction between exposure and area (Pϭ0.033; F(12,171)ϭ1.945). All changes in AR-ir (compared with control) occurred in the ventral subdivisions (see Fig. 4a ). There were no significant differences from control in MeAd or MePd.
In MeAv: animals exposed to HVF, fFGS, mFGS or MMU displayed more AR-ir than CS controls (PϽ0.001, Pϭ0.041, Pϭ0.021, Pϭ0.004, respectively, Fisher LSD post hoc analysis). Comparing across stimuli, HVF also produced significantly more AR-ir than fFGS and mFGS (Pϭ0.009, Pϭ0.018 respectively, Fisher LSD post hoc analysis).
In MePd: no stimulus produced significantly more AR-ir than CS controls. However, the female conspecific stimuli both produced significantly more AR-ir cells than MMU Castrates with testosterone replacement. There were no significant differences in the number of AR-ir cells in any of the areas analyzed (see Fig. 4b ).
Double-labeled cells
In gonad-intact and T-replaced castrates the numbers of double-labeled cells (both Fos-ir and AR-ir) were analyzed for effects of each of the chemosensory stimuli listed above in MeAd, MeAv, MePd, MePv, and separately for MeA-total and MeP-total (Examples of double-labeled and single-labeled cells are shown in Fig. 1 ).
Gonad-intact animals. All of the conspecific stimuli (HVF, mFGS, and fFGS), but not the heterospecific stimulus (MMU), activated significantly more AR-ir cells (cells double-labeled with Fos and androgen receptor, AR) in MeA and MeP than did clean swab control (CS). There was a significant main effect of exposure (PϽ0.001; F(1,85)ϭ7.885). There was no significant interaction (see Fig. 5a ).
When analysis was performed on the dorsal and ventral subdivisions of MeA and MeP there was also a significant main effect of exposure (PϽ0.001; F(4,171)ϭ12.933) and no significant interaction between exposure and area.
In MeAd: fFGS produced significantly more doublelabeled cells than CS (Pϭ0.029, 2-way ANOVA, Fisher LSD post hoc analysis).
In MeAv: all stimuli, including the heterospecific stimulus (MMU), produced significantly more double-labeled cells than CS (HVF, fFGS, mFGS: all PϽ0.001, MMU: Pϭ0.019, Fisher LSD post hoc analysis). Comparing across stimuli, HVF produced significantly more double-labeled cells than MMU (Pϭ0.044, Fisher LSD post hoc analysis).
In MePd only mFGS and fFGS produced significantly more double-labeled cells than CS controls (Pϭ0.030 and Pϭ0.007, respectively, Fisher LSD post hoc analysis).
In MePv all conspecific stimuli provided significantly more double-labeled cells than CS controls: HVF (PϽ0.001), mFGS (Pϭ0.047), fFGS (PϽ0.001). Surprisingly, given that the heterospecific stimulus failed to activate MePv significantly when all activated cells were counted (see Fig. 3a ), MMU did significantly activate AR-ir cells above control in MePv (Pϭ0.012, Fisher LSD post hoc analysis; see Fig. 5a ).
Castrates with testosterone replacement. The only significant difference in the number of double-labeled cells was seen in MePv; HVF generated significantly more double-labeled cells than clean swab control (Pϭ0.025; Fisher LSD post hoc analysis, see Fig. 5b ). 
DISCUSSION
Fos expression in both gonad-intact and T-replaced castrated males confirmed previous results in hamsters and mice: Conspecific stimuli activated Fos-expression in both the anterior (MeA) and posterior (MeP) medial amygdala, while a heterospecific stimulus only activated Fos expression in MeA (Meredith and Westberry, 2004; Samuelsen and Meredith, 2009a,b) .
Summary of major new findings
As expected, AR-ir phenotype cells were differentially activated by different stimuli and in different sub-regions in intact animals. However, in animals with fixed testosterone levels, only one stimulus, HVF, activated AR-ir cells significantly more than in animals exposed to clean swabs. Unexpectedly, the numbers of AR-ir cells also changed with chemosensory stimulation. These changes disappeared in animals with fixed testosterone levels. The main difference between intact and castrated animals was that T levels were free to change in intact animals. Thus, observable nuclear AR expression could be influenced by changes in testosterone levels, resulting from chemosensory stimulation, which varied from stimulus to stimulus. In intact animals, AR-phenotype cells were also selectively activated (increased Fos protein expression) at levels above the average Fos activation of other cells in the same sub-region, for several stimuli (see below).
Differential effect of different stimuli on AR levels
Numbers of AR-ir cells were higher in some areas for all stimuli, but non-uniformly across sub-areas and stimuli. In intact animals, all conspecific stimuli increased Fos expression in AR-ir cells significantly above that for control swabs, in both MeA (-total) and MeP (-total). All conspecific stimuli also increased AR expression (except mFGS in MeP). All of these stimuli can facilitate behaviors that are also steroid dependent. HVF attracts males and facilitates mating (Johnston, 1974 (Johnston, , 1975b Singer et al., 1976; O'Connell and Meredith, 1984) in males with adequate testosterone levels. HVF can even induce males to attempt mating with inappropriate partners such as an anesthetized male scented with HVF (Johnston, 1974 (Johnston, , 1975b Macrides et al., 1984; Meredith, 1986) . Normal behavioral responses to hamster flank gland secretion, both male (mFGS) and female (fFGS), have also previously been demonstrated to be dependent on adequate steroid levels (Johnston, 1975a) . Here, they both activated AR-ir cells in both dorsal and ventral subdivisions of MeP.
Both female stimuli (HVF and fFGS) increased the overall number of AR-ir cells in MeA and MeP (in the ventral subdivisons) in intact males. The male stimulus, mFGS, increased the overall number of AR-ir cells in MeA, not MeP, but was able to selectively increase Fos expression in AR-ir cells in both areas. The ability of these stimuli to increase numbers of AR-ir cells in target areas, and to activate them, may facilitate the convergence of chemosensory and hormonal signals for behaviors where both are critical.
Possible mechanisms for changes in numbers of AR-ir cells
Conspecific chemosignals are known to induce testosterone surges in hamsters (Macrides et al., 1974) and mice (Coquelin et al., 1984) , an effect dependent on an intact vomeronasal organ in both species (Pfeiffer and Johnston, 1994; Coquelin et al., 1984; Wysocki et al., 1983) . The effects seen here in gonad-intact animals are consistent with an effect of increases in circulating testosterone in response to chemosensory stimuli; as these changes were not seen in animals with controlled testosterone levels (castrates with testosterone replacement).
The increase in AR-ir does not necessarily equate to a change in the total number of ARs. The relatively short time between stimulation and perfusion of the animals (45 min) makes upregulation of transcription and translation unlikely to be the mechanism for the observed changes in AR-ir. However, a change in observable AR-ir could be the result of a concentration of previously dispersed antigen molecules or a change in antigenicity. Thus, androgen receptors may be differentially bound and/or re-compartmentalized in response to certain chemosensory stimuli. The antibody used here is reported to bind primarily to occupied, nuclear-localized ARs (e.g., Gréco et al., 1996) . Here the AR staining was indeed nuclear (Fig. 1) . Thus, these results likely reflect a change in the number of bound androgen receptors, suggesting an increase in available androgen, not necessarily a change in total AR expression.
Here, changes in AR-ir occurred within 45 min. In other studies, testosterone or non-aromatizable androgen treatment increased AR-ir within even shorter periods of time, 15-30 min (Krey and McGinnis, 1990; Wood and Newman, 1993a; Handa et al., 1996; Lu et al., 1998) . The ability of androgens to act quite rapidly, including perhaps in the medial amygdala, could be a key component in the brain's interpretation of chemosensory signals and production of an appropriate behavioral response. We believe the changes in AR-ir and Fos protein expression in AR-ir cells in chemosensory circuits of the amygdala is due to exposure to chemosensory stimuli.
Selective Fos activation of AR-phenotype cells for some stimuli
The numbers of double labeled cells (Fos-ir and AR-ir) are small in all regions. However, in intact animals, the Fos activation by some stimuli was greater in AR-phenotype cells than for other medial amygdala cells in the same region (increase over control levels for AR-phenotype cells compared to all cells, see Table 1 ). The increase in doublelabeled cells in stimulated-compared to control-animals (e.g., Fig. 5a ; MeA-total, MeP-total) was significantly greater than the average increase for all Fos-labeled cells (e.g., Fig. 3a ; MeA-total, MeP-total). Thus, when testosterone is allowed to increase following stimulation, there was additional Fos protein expression in AR-ir cells, once the numbers of AR-ir cells had been increased as a conse-quence of stimulation. The selective Fos activation of ARphenotype cells occurred for all conspecific stimuli used here, in both MeA-total and MeP-total as well as in MeAv and MePd. Only fFGS showed selective expression of Fos in both MeAd and in MePv. HVF was among the strongest activators of MePv, but did not selectively activate Fos in AR-ir cells above the level of Fos activation of all cells. However, in castrates with testosterone replacement, where testosterone levels were fixed, there was significant double labeling only for HVF stimulation in MePv, suggesting that MePv may be an important area for interpreting HVF signals in the absence of any change in testosterone. Increased Fos expression in MeP in response to HVF was also reported by Fiber and Swann (1996) and Swann (1997) . Responses were similar in intact males and in both castrated males and castrated males with T-replacement indicating a robust chemosensory input to MeP not dependent on steroid levels, as also shown for conspecific stimuli in ferrets (Kelliher et al., 1998) . Swann (1997) counted Fos expression in MeP-total and most Fos label in her figure is towards the ventral part of MeP, suggesting activation of MePv, as seen here.
These results raise the possibility of a two stage response. The initial response at background (or very low) testosterone levels would be similar to that in castrated, T-replaced animals here (Figs. 3b and 5b) . The later secondary response following a rise of testosterone would affect more cells expressing AR receptors. Although there appears to be a greater response overall in intact animals, it is not clear whether the increased Fos expression in AR-ir cells was due to the activation of additional cells (i.e., an amplified chemosensory response following T increase), or the expression of detectable nuclear AR-ir in cells that would have shown Fos-activation anyway. (Direct comparisons between intact and castrated-T-replaced animals were not made because these two groups were not tested at the same time and tissue from the two groups was not processed together.)
Testosterone itself can induce an increase in Fos expression in several brain areas, including MeP when a high dose (40 g) is injected acutely (over 4 h) into the cerebral ventricles (Nagypál and Wood, 2007) . This is evidence for a direct effect of T on neuronal activation, but whether all high-dose T-induced Fos expression is associated with increased neural activity is not clear. Although serum T levels can more than double with chemosensory stimulation (Richardson et al., 2004) , it seems unlikely that intracerebral T-levels in our intact animals reached the levels produced in the Nagypál and Wood, (2007) experiments. Nevertheless, there is a possibility that prolonged chemosensory exposure may have additional effects physiologically or behaviorally as a consequence of the rise in T levels. These effects could include either a secondary neural activation leading to increased Fos expression in cells already expressing AR, or a secondary susceptibility in some cells to modulation by steroids, as indicated by the appearance of AR expression, in addition to Fos expression.
Significance of subdivision Fos activation
There was a strong Fos response in MePv to HVF (see Fig.  3 ). Conspecific female stimuli also activate both dorsal and ventral MeP in mice (Choi et al., 2005; Samuelsen and Meredith, 2009a,b) . Additionally, conspecific chemosensory stimuli from females (HVF, fFGS), but not from males (mFGS), increased AR-immunoreactivity in MePd above levels from a heterospecific stimulus (MMU). The expression of Fos protein in the dorsal subdivision of MeP (MePd) is strong in mating males indicating it's importance for reproductive behavior. This area has been proposed, mainly on the basis of such responses and its anatomical connections (Canteras, 2002; Choi et al., 2005) , as an area specialized for processing chemosensory information on reproductive stimuli. Maras and Petrulis (2010c) demonstrated that a higher proportion of MePd cells that project to MeA contain AR than is the case for cells projecting from MeA to MePd, but a higher proportion of cells projecting from MeA to MePd show increased Fos expression in response to conspecific chemosensory stimuli. These findings and the result of lesions in MeA and MeP (Maras and Petrulis, 2010a,b) suggest that chemosensory information flows predominantly from MeA to MeP, and that interactions between the two are important for onward information transmission and chemosensory driven behavior. Both MeA and MeP project more centrally and both appear to be important in the integration of chemosensory input and steroid influence (Maras and Petrulis, 2010c) as seen here. Lesions of MeA have a greater effect on attraction to opposite sex odors (Maras and Petrulis, 2010a ) and on mating (Lehman and Winans, 1982) , but MeA lesions would also cut off the inter-subregion flow of chemosensory information to MeP.
The heterospecific stimulus tested here (MMU) significantly increased the number of AR-ir cells in MeAv and MePv in intact males. MMU also activated AR-ir cells (double-labeled) significantly above control in MePv, and significantly above cells in general in that region (see Table  1 ). MePv is associated with the processing of chemosensory stimuli from other conspecific males (potential competitors) in both hamsters and mice. In mice and rats MePv is activated by cat stimuli (potential predator; Choi et al., 2005; Staples et al., 2008; Samuelsen and Meredith, 2009a,b) . Thus MePv functions appear to extend beyond purely social signal processing, and activation by heterospecific stimuli might also suppress social responses in inappropriate situations (Choi et al., 2005) . Papes et al. (2010) show that heterospecific major urinary proteins can activate the vomeronasal system in mice, but it is not clear why heterospecific stimuli should increase AR expression here.
CONCLUSIONS
These results provide evidence for changes in immunoreactive AR-protein expression within 45 min of chemosensory stimulation, and for differences in Fos activation of AR-ir cells, depending on the signals to which the animal was exposed. We interpret these changes as a result of an acute rise in testosterone after chemosignal exposure, because similar changes do not occur in testosterone im-planted castrates in which T-levels cannot rise after stimulation. Previous studies in rats have shown changes in AR expression in response to mating in regions along the vomeronasal sensory pathway, and other areas in the brain, including the amygdala, medial preoptic area, bed nucleus of the stria terminalis, and ventromedial hypothalamus (Fernandez-Guasti et al., 2003; Portillo et al., 2006 ), but none had tested AR expression in response to chemosensory stimuli alone. Our results suggest that immediate responses to chemosensory signals and responses to more prolonged stimuli may be different but both mediated by amygdala circuits. Changes in responses and/or circuit properties resulting from differential chemosignal-elicited hormonal responses may result in changes in behavioral responses to these same stimuli or to others.
